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Abstract
Gold is active in various hydrogenation reactions 
and often shows exceptional high chemo-
selectivity when multiple functional groups are 
present. All hydrogenation reactions have in 
common, that the hydrogen molecules have to
adsorb and dissociate before they react. Recent 
insights in the interaction of gold with hydrogen
and simple reactions involving hydrogen are 
described.
Introduction
Gold is a fascinating element. It has captured 
the imagination as a valuable object in art and 
decoration. More recently, it has made a remarkable 
entrance in the ﬁeld of  catalysis. For many types of
reactions, it shows a unique performance. Among 
the ﬁrst people who recognized the promise of  gold 
as a catalyst was David Thompson. His review written 
together with Geoffrey Bond in Catalysis Reviews 
– Science and Engineering (1) described the early
works about gold catalysts and their structure. This 
review has inspired many researchers throughout
the world and contributed to gold being one of  
the most-studied elements in the ﬁeld of  catalysis.
The continued development in catalysis by gold is 
most apparent by the new review of  catalysis by
gold, which now appeared in the form of  a book
co-written by Geoffrey Bond, Catherine Louis, 
and David Thompson (2). Without the scientiﬁc
contribution, inspiration and personal engagement 
and encouragement of  David Thompson, the ﬁeld 
would not be where it is at the moment. Most of  our 
scientiﬁc conversations with David centered around 
the use of  gold in hydrogenation reactions, which 
is by far less investigated and understood than
oxidation reactions. We dedicate this work to him.
Gold catalyzes various hydrogenation reactions such 
as the hydrogenation of  alkenes (3-12), alkadiens
(13-18) alkynes (13,19-25),A,B-unsaturated carbonyl
compounds  (26-46) and nitro compounds (47-53). In
contrast to traditional hydrogenation catalysts such
as platinum, palladium or ruthenium, which require
modiﬁcation, it often shows remarkable selectivities
when multiple functional groups are present. This 
makes gold a potential catalyst for the development
of  new, clean and sustainable production routes 
with minimal side product formation. Supported
gold catalysts were very selective in purifying alkene 
streams, to prevent poisoning of  the polymerization 
catalysts and ensure pure products (54). On the other 
hand, over the industrially-used palladium catalysts,
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oligomers are formed, that reduce lifetime (22). 
Selectivities up to 90% were obtained over gold for the 
selective hydrogenation of A,B-unsaturated carbonyl
compounds to the corresponding unsaturated 
alcohols, which are important intermediates in the 
production of  ﬁne chemicals and pharmaceuticals
(17,41,45-46,). Substituted aromatic amines, also
important industrial intermediates, were selectively
prepared from the corresponding nitro compounds 
with supported gold catalysts (47), whereas other 
catalytic systems exhibited major drawbacks
such as by-product formation (55-59) and limited
reusability (60). Hydrogenation reactions over gold 
have in common that the hydrogen molecule must
be dissociated before it reacts. We aim to describe
recent insights into the activation of  hydrogen over 
gold catalysts.
Interaction of gold and hydrogen
In hydrogenation reactions, chemisorption and 
dissociation of  hydrogen are the essential initial 
steps. There are only a few studies that investigate
the interaction of  hydrogen with gold. On Au(110)
(1 x 2) surfaces no hydrogen chemisorption was 
observed (61). Weak adsorption of  a small amount
of  hydrogen was found on thin, unsintered gold 
ﬁlms: At a pressure of  0.3 Pa and a temperature
of  78 K, the hydrogen coverage was less than 
0.015 (62). Hydrogen desorbed at around 125 K.
The hydrogen desorption activation energy was
estimated to be around 12 kJ/mol. Low coordinated
gold atoms on the ﬁlm surface were suggested to act 
as adsorption sites. Lin and Vannice (63) detected
weak, reversible adsorption of  hydrogen on 30 nm 
gold particles on TiO
2
at 300 and 473 K leading to a 
coverage of  about 1% of  the total amount of  gold.
As the hydrogen uptake was found to be greater 
at 473 K than at 300 K it was suggested that the 
adsorption of  hydrogen is an activated process and
very likely associated with hydrogen dissociation. 





gold particles with a mean cluster size of  about 4 
nm was examined by Jia and coworkers (21). They 
observed that about 14% of  the surface atoms
adsorbed hydrogen almost irreversible at 273 K. The







catalysts were investigated by Bus et al. (64)
in a temperature range of  298 to 523 K. For the 1 to 
1.5 nm supported gold clusters, H/M values (number 
of  adsorbed hydrogen atoms per total number of
metal atoms) of  at least 0.1 and as high as 0.73
were determined. However only 10-30% of  the total
adsorbed hydrogen did not desorb while evacuating 
for 2 h at the analysis temperature. The shapes of  
the hydrogen adsorption isotherms indicated that
hydrogen chemisorbs dissociatively. The hydrogen
uptake increased or was constant with temperature. 
This was ascribed to the hydrogen chemisorption on




 catalyst with the 
smallest particle size of  about 1 nm exhibited the









with a mean particle size of 1.3 nm, measured after reduction at 473 K in hydrogen (solid
line) and after removal of hydrogen by evacuation at 473 K under dynamic vacuum (dashed line) both at 298 K, and their difference










































size, most of  the surface consists of  atoms at corner 
and edge positions. Thus it was proposed that 
hydrogen atoms only adsorb at edges and corners
of  the gold particles. The Au/H interaction was made
visible by X-ray absorption spectroscopy (XAS) (64). 









catalyst with a gold 
loading of  0.4 wt% and a mean particle size of  1.3
nm measured in vacuum and under hydrogen. The 
spectra represent the empty d-densities of  states 
indicating changes in the gold electronic structure
(65). The addition of  hydrogen induced small changes
in the near-edge structure (XANES). A small white
line appeared between 0 and 25 eV over the edge,
which was emphasized by the difference spectrum.
The white line corresponds to the number of  holes
in the d band. When a hydrogen atom adsorbs on 
a metal surface it interacts with the metal d band.
Because the d-band is narrow it interacts with the
adsorbate by forming bonding and antibonding 
density of  states. Thus both the electron density and
the shape of  the ﬁlled and empty densities of  states
of  the metal d-band change (66). The changes
in the spectra in Fig. 1 result from the bonding of
hydrogen to the surface gold particles, which alters 
the electronic structure. The changes in the gold
spectra were small compared to those of  platinum, 
because the interaction of  hydrogen with gold is 
weak and the coverage is low.
In summary, hydrogen chemisorbs on gold, though 
weakly and in small amounts. For both the hydrogen 
uptake and the strength of  adsorption there is a clear 
particle size effect. With decreasing particle size,
increasing amounts of  hydrogen are chemisorbed
and an increasing fraction is adsorbed strongly.
Thus it can be concluded, that the chemisorption is
limited to low coordinated corner and edge atoms,
which was recently conﬁrmed by theory (50).
H/D exchange over gold
So far the interaction of  gold and hydrogen has been
highlighted. Now we take the next step and look at
the simplest reaction involving hydrogen, namely the
hydrogen-deuterium exchange reaction (Scheme 1). 




catalysts which had a gold particle size smaller than 
3 nm catalyzed the hydrogen-deuterium exchange
reaction even at room temperature. Fig. 2 shows 
the time course of  an exchange experiment in a 
batch reactor at room temperature starting with an





with gold particles of  about 7 nm. Isotopic
equilibration was reached within one hour.  Bus et 
al. (64) also proved that isotope exchange occurred





 catalysts with particle sizes between 1 and 
3 nm, the H/D ratio at the reactor exhaust increased 
with increasing temperature. The temperature 
dependence of  the HD concentration was ascribed
to two effects; the dissociation of  hydrogen being
activated on gold and increase of  the rate constant 
for the recombination of  hydrogen and deuterium
atoms with increasing temperature. Bond et al. (13)
also found a strong particle size effect with the smaller 
particles being more reactive (vide infra). Recently, 
Boronat et al. (68,69) investigated the nature of  the
adsorption sites of  hydrogen on Au/TiO
2
 catalysts
with similar particle sizes of  about 3.3 nm. By IR 
spectroscopy of  adsorbed CO, different gold surface 
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sites were identiﬁed, which could be assigned via 
DFT calculations. These results were then correlated
to those obtained from H/D exchange experiments, 
and it was conﬁrmed that among the different gold 
surface sites only low coordinated gold atoms at
corners and edges, not directly bonded to oxygen, 
were active for hydrogen dissociation.
Hydrogenation of simple alkenes
Another simple reaction involving hydrogen is the
hydrogenation of  simple alkenes. Only a few studies 
are found dealing with gold`s ability to catalyze 
this reaction, probably because of  its low activity.
In an early study, Bond et al. (13) investigated the 
hydrogenation of  ethene with SiO
2
 supported gold 
catalysts with gold loadings varying from 0.01 to 
5.0 wt% at 453 K (Scheme 2). The rate of  the ethene 
hydrogenation per unit weight of  gold increased as 
the gold loading decreased. The least active catalyst
was 5 wt% Au/SiO
2
which contained particles of  
around 23 nm. This suggests that the fraction of
smaller gold particles increased with decreasing 
gold loading. A close relation between the rate of
the ethene hydrogenation and that of  hydrogen/
deuterium exchange was observed, reﬂecting the 
dependence of  both rates on the hydrogen activation 
on the catalyst surface. Au/TiO
2
, prepared via micelle 
encapsulation which resulted in a mean particle size
of  8 nm catalyzed the hydrogenation of  propylene
(Scheme 3) with a TOF of  0.04 s-1 (per surface atom) 




, prepared by the same method gold was
not active, which was attributed to the formation of
larger clusters. Gold nanoparticles supported on 
amorphous silica prepared by autoreduction of  the 
gold precursor by the support were active in the
liquid phase hydrogenation of  cyclohexene at 353 
K and 220 bar hydrogen pressure (10) (Scheme
4). The selectivity towards cyclohexane was 100%.
However, the mean cluster sizes were large, ranging
from 10 to 20 nm with broad size distributions. The 
smallest particles exhibited the highest catalytic





with a mean particle of  1 nm in the liquid 
phase hydrogenation of  cyclohexene at 373 K and a
hydrogen pressure of  80 bar (Scheme 4). The TOF per 
H adsorbing gold atom was 0.11 s-1, which was two
orders of  magnitude lower than a platinum catalyst 





increased with increasing temperature, hydrogen 
pressure, and concentration of  cyclohexene, 
suggesting positive order in both reactants. The TOF 
deﬁned by the number of  sites that adsorbs hydrogen
was not inﬂuenced by the gold particle size. Upon
reuse, no deactivation was observed.
In summary, gold is active in gas phase and liquid 
phase hydrogenation of  simple alkenes, although 
much less than other transition metals such as 
platinum and palladium. This behavior can be 
attributed to the weak interaction of  gold with both 
hydrogen and the C=C bond.
Conclusion
Gold activates hydrogen, provided that it is present
as nano-sized particles, which are generally 
stabilized on a support. A strong particle size effect
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, 373 K, 80 bar H
2
hydrogen atoms adsorb on the gold, which has led 
to the conclusion that it is the edges and corners
that adsorb the hydrogen. The role of  the support 
in hydrogenation is much less understood. The 
adsorption is activated and dissociated, which is 
shown by the ability of  gold catalysts to catalyze 
the exchange of  hydrogen and deuterium and the 
hydrogenation of  simple alkenes. The reactivity is
signiﬁcantly lower than supported metal catalysts
that are typically used, which opens the possibility of
reaching exceptionally high selectivity when multiple
functional groups are present.
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